The late flowering mutants of Arabidopsis thaliana provide an excellent system to investigate the factors controlling floral induction and the vernalization response. Previous studies with these mutants have analysed their response to the duration of vernalization, and growth in different light conditions. Here, we examined the effect of plant age on the vernalization response and the influence of different light conditions during the vernalization treatment. Wild type Landsberg erecta (Le/j and lines carrying the fca (classified as vernalization responsive, daylength responsive) or co (classified as daylength insensitive, vernalization insensitive) mutations were analysed. The response to vernalization at different plant ages was qualitatively the same for Ler, fca, and co, but differed in degree and timing. In Ler, fca and co vernalization was more effective in darkness than in short days (SD) or continuous light.
Introduction
Floral induction has been thoroughly studied for many years, but the mechanisms controlling the transition from vegetative to reproductive growth and how this transition is influenced by environmental conditions remain to be elucidated. Since little is known about the biochemical nature or expression patterns of the gene products involved in floral induction, the cloning of these genes will depend upon using a molecular genetic approach. The series of mutants identifying 11 late flowering loci in the Arabidopsis thaliana (L.) Heynh. ecotype Landsberg erecta (Martinez-Zapater and Somerville, 1990; Koornneef et al., 1991a) provide an excellent system for analysing the effects of the different loci on flowering time and the response to a vernalization treatment or different photoperiods. In addition, techniques are now available to clone these genes based only on their mutant phenotype. Five of these loci are currently being cloned using chromosome walking {FCA, Westphal et al., 1991; CO, Putterill et al., 1993; GI, Araki and Komeda, 1993; FVE, Cruz-Alvarez et al., 1991; FWA, Koornneef et al., \99\b) . In addition, the LD locus has been cloned using T-DNA tagging (Lee et al., 1994) . In the near future, knowledge of the structure and expression patterns of these gene products should significantly expand our understanding of the control of floral induction. It is therefore very important that the behaviour of the flowering response is fully described for this isogenic series of mutants.
The late flowering mutants have been divided into three groups based on their response to different environmental conditions (Koornneef et al., 1991a) . Mutations at the FCA, FPA, FVE, and FYloci conferred a greater response to a 3 week vernalization period in the dark than mutations at other loci. They also showed an even greater delay in flowering than the wild type in SD. Of this group, lines containing mutations at the FCA locus showed the greatest response to a vernalization period, with the flowering time, FT, (and corresponding leaf number at flowering, LN) being almost reduced to that of the wild type. Mutations at the FE, FT, FD, and FWA loci caused a significant delay in flowering in SD compared to that in LD but they showed little or no response to a 3 week vernalization period given in the dark at the seed stage. The third group included mutations at the CO, GI and FHA loci and were classified as insensitive to daylength and vernalization. With longer vernalization periods, some reduction in FT and LN was observed although this was much less than that seen for the first group of mutants.
We have further investigated the vernalization response in Arabidopsis and have concentrated on the FCA locus since plants carrying mutations at this locus are the most responsive to vernalization. In order to analyse more fully how these mutations alter the vernalization response, we have undertaken a more detailed analysis of vernalization responsiveness in the fca mutant alleles, including the effect of plant age and environmental conditions (daylength and light during vernalization), both of which have been shown to be important for Arabidopsis (Napp-Zinn, 1984 . The co mutant was also included in these experiments to represent a mutation relatively insensitive to vernalization.
The isogenic series provided by the late flowering mutants is also an excellent system for analysing whether the effects of compounds previously reported to accelerate flowering time or influence vernalization in other plant species are altered in any of the mutants. We have investigated the effect of gibberellic acid, 5-bromodeoxyuridine, choline chloride, benzyladenine, salicylic acid, butanol, and proline on flowering time and/or vernalization on either all, or a subset of the late flowering mutants, including lines containing four fca mutant alleles.
Materials and methods

Plant material
Seed was kindly provided by M. Koornneef. Landsberg erecta and the late flowering mutants are now available at the Nottingham Arabidopsis stock centre. They have the following accession numbers: her, NW20; fb, NW51; fca-1, NW52; fd, NW53;/e, NW54; co-2, NW55; fha, NW108;^a, NW109;//, NW56; fve, NW107; fwa, NW106; fy, NW57. All seed was greater than one year old, and therefore did not need cold treatment to break dormancy.
Growth conditions
Plants were either grown in the greenhouse, in a controlled environment cabinet, or in sterile culture. Seeds for plants grown in culture were surface-sterilized by wetting with 70% ethanol and soaking for 15 min in 5% (v/v) sodium hypochlorite with 0.2% (v/v) Tween 20, followed by five rinses with sterile distilled water. Seeds were sown in Petri dishes on AM media (1/2 MS salts; 0.5 mgL" 1 nicotinic acid; 5mgL -1 thiamine; 0.5 mgL" 1 pyrridoxine; 100 mgL" 1 inositol; 0.8% agar; 1% sucrose), and grown at 20 °C, in light provided by white fluorescent tubes (PAR 57.0 ^mol m" 2 s" 1 , R/FR ratio 7.5, photoperiod 16 h). When first true leaves began to expand, plants were transferred individually to plastic capped boiling tubes (one plant per tube), in 9x4 racks (Sigma Ltd.). Racks were placed in trays made of black cardboard, to a depth of 2 cm, to shade the roots. For soil-grown plants, seeds were sown directly on to a mixture of John Innes No. 1:grit:vermiculite (3:2:2), in plastipak pots, and grown either in the greenhouse (temperature controlled at 20 °C for 16 h during the day; 15 °C at night), or in a controlled environment cabinet (20 °C, continuous light provided either by fluorescent and incandescent lamps, PAR 37.1 ^mol m~2 s" 1 , R/FR ratio 1.48, or by fluorescent lamps alone, PAR 34.6 /xmol m~2 s" 1 , R/FR ratio 6.09). Fluence rates and spectral distributions were measured with a LI-1800 spectroradiometer (Li-Cor, Lincoln, NE, USA). Individual plants were transferred to partitioned trays at about the four leaf stage, at a density of approximately one plant per 10 cm 2 . Flowering time (FT) was scored as the number of days from placing in growth conditions to the first visible bud in the rosette. Leaf number at flowering (LN), which has been shown to be highly correlated with FT (Koornneef et al., 1991a) was also used as a measure of lateness, and was scored as the total number of rosette and cauline leaves initiated prior to floral initiation. This was often counted after bolting as it could not be accurately estimated at the same time as FT.
Vernalization treatment
Plants were vernalized at the seed stage immediately after sowing on soil in pots or on AM media in Petri dishes. Vernalization was carried out for 8 weeks, either in an 8 h photoperiod (fluorescent lamps, PAR 9.5 jxmol m~2s~1, R/FR ratio 3.9), in continuous light (fluorescent lamps, PAR 9.8 ^mol m~2 s" 1 , R/FR ratio 7.6), or in complete darkness, by wrapping Petri dishes in aluminium foil. All vernalization treatments were carried out at 5 ± 1 °C.
Measurement of growth rate
her wild type and the fca mutant were grown in LD in the greenhouse and in continuous light (fluorescent and incandescent, PAR 37.1 ^rnol m" 2 s~1, R/FR ratio 1.48, 20 °C). After 13 d, five plants were harvested at intervals of 2-5 d and fresh weight of the aerial portions was measured. The relative growth rate was determined as the slope of the natural logarithm of the average fresh weight (in mg) plotted against plant age.
Estimation of the apparent plastochron
Ten her and fca mutant plants were sown in continuous light (fluorescent and incandescent, PAR 37.1 ftmol m~2s~1, R/FR ratio 1.48, 20°C). Leaves ;>3 mm long were counted daily (excluding cotyledons), for 10 d from 13 d after sowing. The apparent plastochron, being the time (h) separating the formation of two successive leaves ;> 3 mm long was estimated as the reciprocal of the slope of LN plotted against plant age for the mean of the ten plants.
Appfication of chemicals
Analyses of effects of chemicals on mutants were carried out in sterile culture. All chemicals were filter-sterilized before adding to media. For 5-bromodeoxyuridine, choline chloride, chemicals were dissolved in distilled water. For GA treatments, the chemicals were first dissolved in 2 cm 3 NaOH before making up to the necessary volume with distilled water. These chemicals were included in media in Petri dishes as well as boiling tubes. For other treatments, the chemicals were only added to media in boiling tubes, and plants were transferred to these 5 d after germination on Petri dishes.
Statistical analysis
Treatment means were compared using 95% confidence limits.
Results
Growth rate analysis
The first parameter to be analysed was the effect of plant age on vernalization response. We wanted to move plants into the vernalization treatment at different stages post sowing. In order to be able to interpret the results from this experiment, it was important to ensure that under the growing conditions used, plants at the same age post sowing were at the same stage of development. Koomneef et al. (1991a) found a greater number of leaves were initiated per unit time in the fca and fpa mutants (confirmed for/ca by Bagnall, 1993) compared with the other mutants and Ler, perhaps reflecting an effect of the mutation on growth and photosynthetic capacity. We repeated these experiments with fca-1 and wild-type her in our growth conditions. Relative growth rate did not vary between the fca mutant and her either in LD or greenhouse conditions (Table 1) , and the apparent plastochron for fca-1 did not differ significantly from that of the wild type (Table 2) . Thus, at least for 23 d post sowing, we assume fca-1 and wild-type her to be developmentally at similar stages. 
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Effect of plant age on response to vernalization
In order to analyse the effect of plant age on the vernalization response of her, fca-1 and co-2, plants were transferred from continuous light to a vernalization treatment (5 °C and SD for 8 weeks) either immediately on sowing (0 d), or after 1, 5, 9, 15, 20, 25, 30 or 35 d after sowing. Plants were then returned to continuous light at 20 °C. LN at flowering time was then measured and used as a more reliable parameter than FT to analyse the effect of different treatments on the time taken to the floral transition. The reduction in LN when vernalization was given at the seed stage (0 d plant age before vernalization) was 10% for her, 71% for fca-1 and 23% for co-2 (Table 3 ). The response to vernalization when it was given at different plant ages was qualitatively the same for all genotypes, and could be divided into at least two phases, with quantitative differences in the duration and extent of each phase between mutants and wild type . At an early age, lasting until 25 d after germination, fca and co plants showed a clear response to vernalization, so that LN was greatly reduced compared with non-vernalized controls. The duration of this initial phase was shorter for her, only lasting for 1 or 2 d after germination. For fca-1, when vernalization was given at 25 d post sowing, there was no reduction in LN at flowering and thus the plants were considered insensitive to vernalization at this point. Later still in development, vernalization resulted in a delay in flowering for all genotypes, such that LN was increased with respect to the non-vernalized controls. For her, this resulted in a maximum of about three extra leaves being produced, for treatments 5-10 d post sowing, and for fca-1 and co-2, up to eight extra leaves were produced following vernalization at 35 d from sowing.
A third phase was also observed, but only for older her plants (vernalized after 10 d post sowing). This represented a period where flowering was less delayed by a vernalization treatment. This phase would also have been shown by the other mutants if age before vernalization was extended towards the control FT, when eventually, the plants would flower with the same LN as the nonvernalized controls.
The dashed line in Fig. IB shows, for fca-1, the number of leaves produced at FT, after vernalization at different ages, if the sensitivity to vernalization was the same at all ages. This was calculated by adding the LN at flowering time of plants vernalized at the seed stage to the number of leaves (calculated from the apparent plastochron) expected to be produced before vernalization. The slope of the dashed line is the same as that observed up until 15 d post sowing. For vernalization at later stages, more leaves were produced than calculated from the apparent plastochron. In order to confirm the results for the effect of plant age on the vernalization response, the experiment was repeated for her, fca-1 and co-2. The same qualitative patterns of response to those in Fig. 1 were observed, with only slight differences in absolute values (data not shown). Three other co mutants {co-1, co-3 and co-l/chp7) were included in the analysis to confirm the locus specificity of the co-2 vernalization response. These mutants all showed the same qualitative pattern of response as co-2, with significant reductions in LN and FT comparing vernalization at the seed stage with non-vernalized plants (Table 3 ).
The effect of plant age on an 8 week vernalization treatment was also tested on other fca mutants, fca-2, fca-4 and fca-5, and on other vernalization-responsive late flowering mutants fpa-1, fve-1 and fy-1. For this experiment, vernalization was performed in continuous light. All mutants showed the same qualitative pattern of response as that shown by fca-1 in Fig. 1 (data not  shown) .
When FT for her, fca and co-2, rather than LN, was examined on the same population of plants (Fig. 1D-F) , there was a gradual decrease in days to flowering from the end of the vernalization period, with increasing age of the plant at vernalization. This means that if the total FT is calculated by adding the plant age at vernalization to FT from the end of vernalization, the value gradually approached that for the non-vernalized controls for all treatments.
Effect of photoperiod and darkness during vernalization
The large vernalization response of the co-2 mutant ( Fig. 1; Table 3 ) was unexpected, given the previous findings of Martinez-Zapater and Somerville (1990) and Koornneef et al. (1991a) . For her and fca-1, FT and LN were increased under non-vernalizing conditions when plants are grown in short photoperiods. In contrast, the co mutant has approximately the same FT and LN in SD and LD (Koornneef et al., 1991a ). In the experiment described above, the vernalization treatment had been given under SD conditions. To investigate if this had influenced the vernalization response, the experiment was repeated and plants were vernalized in continuous light. The light regime for growth after the vernalization treatment consisted of only light from fluorescent lamps (PAR 34.6 ymo\ m~2s" 1 , R/FR ratio 6.09). The vernalization response observed for her, fca-1 and co-2, was very (Table 4) , irrespective of whether plants were vernalized in continuous light or in SD.
Another difference between the vernalization conditions used here and those used by Martinez-Zapater and Somerville (1990) and Koornneef et al. (1991a) was the use of an extended vernalization treatment (8 weeks) rather than a 3 week period. In order to test whether the difference in vernalization response was due to the use of this extended period, LN and FT were measured for co-2 after a 3 week vernalization treatment. This was sufficient to reduce LN and FT of co-2 to the same degree as an 8 week treatment (Table 4) , and there was little effect of varying the light treatments during vernalization.
Martinez-Zapater and Somerville (1990) and Koornneef et al. (1991a) had also carried out the vernalization treatments in the dark. In order to compare the effect of a dark vernalization treatment with that in SD or in continuous light, we also analysed the effect of vernalization for 8 weeks on imbibed seeds kept in the dark. Vernalization in the dark was more effective at reducing LN than vernalization in SD for all genotypes, including her ( Fig. 2A) , although FT was delayed after dark vernalization (Fig. 2B) .
Effect of various compounds on flowering and vernalization
In order to study whether any of the gene products encoded by the loci denned by the late flowering mutants affected the action of compounds previously identified as important in flowering, we investigated whether there was an alteration in response of the mutants to specific compounds. The effect of some of these compounds on the vernalization response of fca was also investigated.
The first compounds analysed were GAs. GA 3 caused a reduction in LN for all the late flowering mutants, including fca-2, fca-4 and fca-5 (Fig. 3) . For fca-1, GA 3 partially substituted for the vernalization response to a greater extent in terms of FT than LN (Fig. 4A, B) . The effect was concentration-dependent, with only a small effect seen with 10" 6 M GA 3 . An additive response on LN and FT for fca-1 was obtained following vernalization and GA 3 treatment together at all GA 3 concentrations (Fig. 4A, B ).
An analysis of which GAs were most active in accelerating flowering of fca showed that treatment with GA 7 , GA 4 , GA 9 , GA 5 , GA 3 , and GA X all resulted in a significantly lower LN than the controls (Table 5 ). These GAs could be divided into two groups, with no significant difference between the effect of GA 7 , GA 4 , GA 9 , and GA 5 , and also between that of GA 3 and GA t . No significant reduction in LN was found with GA 13 or GA 8 (Table 5 ). For her, the effectiveness of GAs was virtually identical to that for fca, with GA 7 , GA 9 , GA 4 , GA 5 , and GA X having a significant effect on reducing LN, but with Base analogues such as 5-bromodeoxyuridine (Bdu) have been shown to accelerate flowering in the hy2 mutant of Arabidopsis (Goto, 1987) . We therefore tested the effect of Bdu on flowering time of the late flowering mutants. Bdu reproducibly reduced LN for her and all the mutants, including fca-2, fca-4 and fca-5 in two separate experiments (fy only included once). The maximum decrease in LN was 33%, for/fa (Fig. 5A) . Bdu reduced FT for all genotypes except fd and fwa (Fig. 5B) . For wild type and fca-1 plants, the effect of Bdu on LN was concentration-dependent. For her, vernalization in this experiment increased LN, but for her and fca, 10~4M Bdu (and 10 ~5M for fca) and vernalization treatments together acted additively to reduce LN (Fig. 6) .
Progeny from fca-1 and her plants vernalized or nonvernalized in the presence of 10 ~5 M Bdu, and from untreated controls, were sown on AM media alone. The acceleration of flowering time was not inherited by progeny of plants treated with Bdu (data not shown).
The concentration of phospholipids, particularly phosphatidylcholine, have been shown to increase during and be associated with frost hardening in wheat (Willemot, 1975; Singh and Paleg, 1984) , or decrease during vernalization (Thomson and Zalik, 1973-for rye) . Because phosphatidylcholine concentration in wheat can be manipulated by the application of choline chloride (Horvath et al, 1981) , the effect of choline chloride on flowering time and vernalization response was investigated for all the Arabidopsis mutants. LN was significantly delayed for fca-1, fe, fha, fpa, ft, and/y at either 10 mM or 20 mM choline chloride (data not shown). These mutants, except fha, are all vernalization responsive. A further analysis of fca, fe, fpa, ft, and fy was performed at 15 mM choline chloride. The significant increase in LN and FT was completely overcome by vernalization (Fig. 7A, B) .
Other compounds tested on the mutants included 3°b utanol (0.5 and 1% (v/v)), proline (10, 20 and 50 mM), 6-benzylaminopurine (BAP at 10 ~5 M), and salicylic acid (10~5 and 10~6 M). Butanol is one of the most effective molecules for stabilizing hydrophobic interactions in membranes, usually weakened by low temperatures (Oakenfull and Fenwick, 1979) . Proline has a role in acclimation and as a cryoprotectant (Kushad and Yelenosky, 1987) . BAP has been shown to accelerate flowering in Arabidopsis at an intermediate stage of development (Besnard-Wibaut, 1981) , and salicylic acid has been shown to have a flower-inducing effect in Lemna gibba L. G3 (Cleland and Ajami, 1974) .
None of these treatments showed significant, reproducible effects on FT or LN for any of the mutants (data not shown).
Discussion
Previous work with the vernalization response of late flowering Arabidopsis mutants has concentrated on testing the effect of the duration of the cold treatment and the effect of subsequent exposure to different photoperiods or light qualities (Martinez-Zapater and Somerville, 1990; Koornneef et al., 1991a; Bagnall, 1992) . Vernalization treatments were given at the seed stage and in most cases in darkness. Here, we analysed two other parameters shown to influence the vernalization response of the ecotype Stockholm (Napp-Zinn, 1957 , 1965 , 1984 , plant age and light conditions during the vernalization treatment.
The time at which the vernalization treatment was given had a significant effect on the response of Stockholm (Napp-Zinn, 1957 , 1965 . Vernalization at the imbibed seed stage resulted in the maximum response which was reduced if vernalization was given to plants 6 d post germination. The response then increased with increasing plant age. A maximal response was also seen when Ler, fca and co plants were vernalized as imbibed seed. The minimal response was at a similar time for Ler but was significantly later for the fca and co mutants. This may indicate that the timing of processes occurring during the vernalization response in the late flowering mutants does not exactly mimic those occurring in Stockholm.
For fca-1, the number of leaves produced when plants were vernalized between 15 and 25 d post sowing was greater than the predicted number calculated, based on the apparent plastochron measured at 20 °C in continuous light. This may represent a decrease in sensitivity to vernalization or indicate that the apparent plastochron increases during the vernalization treatment of older plants. We did not measure the apparent plastochron during the vernalization period so can not distinguish between these possibilities. Also, because the number of cauhne leaves was not counted separately to rosette leaves in this study, it is not possible to distinguish whether the greater LN (including cauhne leaves) produced by vernalization of older plants compared with the non-vernalized controls, is due to an increase specifically in cauline leaf number. Total FT, calculated from Fig. 1 , by adding the FT from the end of the vernalization treatment to plant age before vernalization, did not exceed the non-vernalized control value for any treatment. As LN did exceed the non-vernalized control value, this suggests that large changes in the rate of leaf production occurred between plants in different treatments after they were transferred from vernalization conditions. The growth rate during and after vernalization was not measured in this study, but the apparent plastochron and relative growth rate of her and fca did not differ significantly in plants grown from sowing in continuous light. Thus, at least when the plants were moved into the vernalization treatment they were at the same plastochron age. Previously, fca has been shown to have a faster rate of leaf production than her in SD (Koornneef et al., 1991a) , or in a range of R/FR ratios in LD (Bagnall, 1993) . However, at lower R/FR ratios, such as the one used here, this difference is much less pronounced (Bagnall, 1993) . LD, continuous light or SD +night breaks during the vernalization treatment enhanced the vernalization response of Stockholm, whereas SD reduced it (NappZinn, 1960a (NappZinn, , b, 1984 . In the experiments reported here, the vernalization response for her wild type and fca and co-2 mutants was similar, irrespective of whether the plants were vernalized in SD or in continuous light. We deliberately chose to use low intensity continuous light to minimize the differences in effective PAR experienced by the plants in the two different vernalization conditions, and this might account for the difference in the results. Alternatively, Stockholm could respond differently to her in this respect. We conclude, however, that the plants were relatively photoperiodically insensitive during the vernalization treatment, at least for the vernalization conditions used here. As well as having a different photoperiod, the light conditions we used also differed in the ratio of R/FR light. As the vernalization response was similar, we conclude that it was not affected by the R/FR difference. This agrees with Bagnall (1993) , who showed that for/ca-7, vernalization eliminated the promotion of flowering by far-red light reported by Martinez-Zapater and Somerville(1990) .
The increase in FT for dark-vernalized plants compared with those vernalized in the light may reflect the time taken to recover from etiolation. Whilst fewer leaves were produced by dark-vernalized plants, possible effects of darkness on the rate of leaf initiation cannot be ruled out.
The co mutant, previously shown to respond only very slightly to vernalization (Martinez-Zapater and Somerville, 1990; Koornneef et al., 1991a, b) , did show a significant response in the growth conditions used here, after 3 or 8 weeks vernalization. The fact that the vernalization response under SD at different plant ages was qualitatively very similar for co-2,fca-l, and her, suggests that they all share a similar vernalization pathway. The vernalization response is not, therefore, conferred by the fca or co mutations, but they merely alter its degree and timing.
The acceleration of flowering of all the mutants with GA agrees with many other previous reports on the effects of GA on LD, cold-requiring plants (BesnardWibaut, 1981-for Arabidopsis ; Bernier, 1988; Metzger, 1990- for Thlaspi arvense L.). The acceleration to flowering of fca-1 by GAs was also demonstrated by Bagnall (1992) . This is the first analysis, however, of the effect of GA 3 on all the her late flowering mutants. The her line has been shown in SD to have an absolute requirement for GA in order to initiate flowers, since a mutant completely deficient in endogenous GA never flowers in these conditions and, in continuous light, this mutant is delayed in FT relative to the wild type (Wilson et al., 1992) . The flowering response of fca to the range of GAs studied, was very similar to that of her, with the order of effectiveness being virtually identical. This confirms the results of Bagnall (1992) , who showed that the fca mutation did not confer a different response to GA 3 compared to her. There is evidence that GAs may also be involved in the vernalization response of many plants; GA content increases in radish during vernalization (Suge, 1970) , and in the crucifer T. arvense, vernalization removes a block in the GA biosynthetic pathway at a point following kaurenoic acid, and alters kaurenoic acid metabolism at the shoot tip (Metzger, 1990; Hazebroek and Metzger, 1990) . In this study, GA 3 only partly substituted for the effect of vernalization in the fca mutant, and the effect of GA and vernalization together was additive, suggesting that both operate, at least partly, via independent pathways. This is consistent with the hypothesis of Wilson et al. (1992) that some GA is needed for effective vernalization, but vernalization does not cause an increase in GA levels, although it may affect GA responsiveness. To analyse the role of GA in vernalization further, an analysis of the vernalization response of the double mutants fca,Agal, and fca.gai is being undertaken (J. Chandler, J. Martinez-Zapater, C. Dean, unpublished).
Bdu accelerated the flowering time of all the late flowering mutants tested, including the wild type, suggesting that the same pathway is being affected, with only the degree of response being altered in the mutants. None of the mutants showed the loss of response reported for the Id mutation . Bdu has been proposed to suppress DNA synthesis in certain parts of the meristem (Brown, 1968) and to prevent the expression of floral inhibitors (Goto, 1987) . Other nucleoside analogues, such as iododeoxyuridine (Brown, 1962) and 8-azaadenine (Hirono and Redei, 19666 ) also accelerate flowering time and it is likely that these all act through the same mechanism. However, Burn et al. (1993) have recently proposed that the stimulatory effect of azacytidine is through an effect on DNA methylation. The additive effect of Bdu and vernalization suggest that they operate to accelerate flowering at least partly via independent pathways.
Choline chloride was the only compound which distinguished some of the late flowering mutants. The LN of the co-2 mutant, which shows a different vernalization response to fca was not affected by choline chloride. However, the significant delay in flowering caused by choline chloride, on the vernalization-responsive mutants is noteworthy, since we anticipated an acceleration of flowering. This was because in wheat, choline chloride leads to an increase in the concentration of phosphatidylcholine in the membranes (Willemot, 1975; Singh and Paleg, 1984) , a phenomenon also observed during cold treatment. However, for rye, the concentration of phosphatidylcholine gradually decreased during an 8 week vernalization period (Thomson and Zalik, 1973) . In view of these differences between species, it would be worth testing whether choline chloride does increase the concentration of phosphatidylcholine in Arabidopsis. Evidence from wheat that the VRN-1 gene stimulates the synthesis of unsaturated membrane phospholipids during vernalization (De Silva, 1978) also suggests that phospholipid content and vernalization response are linked. Alternatively, due to the chemical similarities between choline chloride and CCC, the observed effects may be via an effect on GA metabolism.
The results presented in this paper add to our understanding of the flowering time and vernalization response in the her line and the fca and co mutants. A full description of the factors influencing flowering time and vernalization in these late flowering mutants will be necessary in the long term, if we are going to dissect the pathways controlling flowering and understand how a cold temperature treatment can accelerate these processes. The analysis presented here clearly shows that the question is not how the fca or co mutations can confer a Vernalization response in Arabidopsis 1287 vernalization response to Arabidopsis, but how they modify the wild-type response.
